Background Few studies have examined factors that affect acetabular cup positioning. Since cup positioning has been linked to dislocation and increased bearing surface wear, these factors affecting cup position are important considerations. Question/purposes We determined the percent of optimally positioned acetabular cups and whether patient and surgical factors affected acetabular component position. Methods We obtained postoperative AP pelvis and crosstable lateral radiographs on 2061 consecutive patients who received a THA or hip resurfacing from 2004 to 2008. One thousand nine hundred and fifty-two hips had AP pelvic radiographs with correct position of the hip center, and 1823 had both version and abduction angles measured. The AP radiograph was measured using Hip Analysis Suite TM to calculate the cup inclination and version angles, using the lateral film to determine version direction. Acceptable ranges were defined for abduction (30°-45°) and version (5°-25°).
Introduction
A variety of patient and surgical factors have been linked to a risk of various postoperative complications following THA. Patient factors influencing an increased rate of dislocation, liner fracture, and increased wear included body mass index (BMI) [46] , age [33, 39, 47] , gender [33, 47] , and primary diagnosis for the THA [10, 47] . Surgical factors influencing these risks include performing surgeon experience [5, 47] , surgical approach [2, 9, 13, 28, 34, 47] , prosthetic components [3, 18, 20, 22, 33, 35, 47] , acetabular cup fixation method [10] , and orientation of the acetabular cup [22, 33, 47] . This project was funded by the Harris Orthopaedic Laboratory. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research. This work was performed at Harris Orthopaedic Laboratory.
The orientation of the acetabular cup in a primary THA is important to low dislocation rates, liner fracture, and wear. While several studies suggest optimal orientation ranges, most indicate acceptable anteversion from 0°to 30° [ 23, 26, 54] and acceptable inclination from 30°to 50° [26, 54] . Cup angles that stray outside the optimal ranges are linked to those complications, the most common being dislocation of the prosthesis [1, 4, 20, 23, 26, 33, 42, 54] . Dislocations affect an estimated 1% to 5% of THAs performed [7, 17, 39] . Cup orientations that fall within the acceptable ranges have much lower incidence of all types of dislocations [26] . High angles of inclination (55°-69°) are linked to higher rates of dislocation and recurrent dislocations. Highly anteverted cups correlate with an increased incidence of anterior dislocation while retroverted cups correlate with an increased risk of posterior dislocation [20, 26, 39] . A commonly used range of acceptable angles is the safe zone established by Lewinnek et al. (5°-25°of anteversion and 30°-50°of abduction), which is based on an increased dislocation risk for angles outside of these ranges [26] .
Impingement of the prosthetic joint can also be caused by malpositioning of the acetabular cup and can lead to dislocation and liner cracking [1, 50, 54, 56] .
Component wear also correlates with the position of the acetabular cup. Higher rates of wear are linked to higher angles of cup abduction, which can cause edge loading [56] . Increased wear debris from the bearing surface can lead to osteolysis and aseptic loosening of the joint [6, 16, 21] . This increased wear can be seen in both hard-on-soft and hard-on-hard bearing surfaces [11, 14, 25, 38] . Importantly, recent reports on metal-on-metal bearings describe an increased risk of tissue reactions around these bearings related to metal debris from edge loading of cups [29, 41] . Increased wear and edge loading have been linked to abduction angles of greater than 45° [25] .
There are many ways to calculate cup abduction and version angles. Digital image analysis programs using edge detection such as Martell Hip Analysis Suite TM (HAS, Chicago, IL) have been used to accurately measure wear of polyethylene liners in hip prosthesis by comparing followup AP radiographs back to the postoperative AP radiograph [7, 17] . Since calculating cup orientation is crucial in aligning films from different time points to accurately determine wear, HAS provides an effective way to accurately determine abduction and version angles of the acetabular cup. These angles can be obtained from a single postoperative radiograph.
Several studies have identified factors influencing cup positioning. In a prospective analysis of 200 cups, orthopaedic surgeons and residents were asked to hit goal targets for abduction and version angles [5] . That study concluded the mean inaccuracies of estimation were 4.1°and 6.3°in abduction and 5.2°and 5.7°in version for surgeons and residents, respectively. Using a multivariate analysis the authors concluded the age of the patient and a surgery performed by an orthopaedic surgeon compared to a resident were predictors of inaccuracy in estimation of cup positioning. Variables included in the analysis but not linked to inaccurate estimation were BMI, gender, operated side, acetabular fixation method, cup model, and surgical approach [5] . Another study considered the effect of surgical experience on cup positioning and observed no difference between experienced and inexperienced surgeons for 85 cups [45] . Differences in BMI were compared to acetabular cup angles in 111 patients, resulting in no differences between abduction and version angles for healthy, overweight, and obese patients [53] . Thus, while many studies have linked patient and surgical factors to postoperative complications, none have examined the influence of these factors on the positioning of the acetabular cup in a large population. Clinically, linking these factors to suboptimal cup position will allow surgeons to identify combinations of factors that could increase risk for malpositioning.
We designed this study to determine (1) the number of optimally positioned acetabular cups in a large patient sample at a teaching hospital based on various patient and surgical factors; and (2) independent predictors of malpositioned cups, and to use those predictors to calculate odds ratios for increased risk of malpositioning and construct a table describing the percent chance of a malpositioned cup based on combinations of those prediction factors.
Patients and Methods
Using the local joint registry at Massachusetts General Hospital, we identified all 1750 patients (2061 hips) who underwent a primary THA, Birmingham hip resurfacing, or revision THA from 2004 through 2008. The database was used to obtain patient information from each THA including laterality of operated hip, age, performing surgeon, gender, BMI, femoral head size, acetabular cup outer diameter, acetabular cup fixation method, surgical approach, and preoperative diagnosis. Patients were required to have both a digital postoperative AP pelvic radiograph and a digital shoot-through lateral hip radiograph in DICOM format to be included in the final analysis for both cup abduction and version angles. This study was IRB approved.
Of the 1750 patients (2061 hips) having a THA or resurfacing during the 4 year period, we excluded 99 patients with 109 THAs (5%): 42 did not have a postoperative AP pelvic radiograph and 42 had AP pelvic radiographs that could not be read by HAS; three hips, all operated by the same surgeon, were excluded due to the small sample size for that surgeon; 22 additional hips we excluded because they were fixed using cement, the majority of which were all-polyethylene cups, which cannot be read using HAS. This left 1952 hips for analysis. Of these, we measured the acetabular cup abduction angle using mDesk TM (RSA Biomedical, Umea, Sweden) in 39 (2%) because HAS could not analyze hip resurfacings and was unable to read one film because the angle was too high. An additional 90 (4.6% of 1952 remaining) were missing a shoot-through lateral hip radiograph, which did not allow for a determination of the sign of the version. These 129 hips were only used in the final analysis of abduction angle. Thus, we used 1952 hips in the analysis of abduction, 1823 hips in the version analysis, and 1883 hips when malpositioning was determined using both abduction and version (60 hips were outside of the acceptable abduction range and therefore were considered malpositioned based on abduction and version without knowing the version angle). The 1883 hips qualifying for the combined analysis represented a total of 1719 patients, 858 (50%) of which were female and 861 (50%) of which were male. The mean patient age was 66 ± 12.8 years (range, 21-96 years), and the average BMI was 28.1 ± 5.3 (range, 12.2-77.2).
The AP pelvic radiograph was measured using HAS Version 8.0.4.1 (Martell Hip Analysis Suite TM , Chicago, IL) to calculate the cup inclination and version angles. Using only the AP film, HAS is unable to determine whether the cup is anteverted or retroverted. The sign value (positive for anteversion, negative for retroversion) of the version angle was determined from the shoot-through lateral using mDesk TM software (RSA Biomedical Inc, Umea, Sweden).
To determine the accuracy of calculating the abduction angle from mDesk TM compared to HAS, all patients from 2007 (n = 345) had their abduction angles measured in both HAS and mDesk TM . Abduction angles from both programs were plotted against each other, and the correlation was determined using the Pearson R. The abduction angles from HAS and mDesk TM correlated (0.992 and a slope of 0.99) with one another. The 95% confidence interval for abduction angles in HAS was ± 1.66°. To ensure accuracy and repeatability of the reader, a set of 20 paired (postoperative, followup) AP pelvic radiographs were each read three times. Repeated readings by the sole reader were entered into a gauge repeatability and reproducibility test. All film pairs were required to be reread until the reader had at least three distinct categories, and all readings were within one SD of the previous readings. All measurements used in the study were completed by a single reader (MC). Acceptable angle ranges were set at 30°to 45°for abduction and 5°to 25°for version based on surgeon consensus and standards from previous studies [12, 25, 26, 54] .
For the statistical analyses, ages at surgery were divided into three groups: less than 50 years, 50 to 70 years, and older than 70 years. BMI groups were based on classifications from the World Health Organization with a BMI of less than 18.5 being underweight, between 18.5 and 24.99 normal, greater than or equal to 25 overweight, and greater than or equal to 30 obese. A total of 290 (15%) hips did not have data for BMI and were therefore omitted from the analysis with respect to this variable. Femoral head size was categorized as less than 32 mm, 32 mm, and greater than 32 mm. Acetabular cup outer diameters were analyzed as a continuous variable, and the outer diameters of two hips were unavailable. The acetabular fixation method was divided into groups of press fit without screws or press fit with screws. A total of 21 hips did not have data for their fixation method and were omitted from the analysis with respect to fixation. Four approach categories were used, including the anterolateral, posterolateral, direct lateral, and minimally invasive surgical (MIS) approach (53 hips operated with a two-incision MIS, and 42 operated with muscle-sparing anterolateral MIS). A total of 10 hips did not have information on approach and were omitted from the analysis of this variable. Diagnosis was divided into five groups: avascular necrosis/fracture, osteoarthritis, congenital/developmental dysplasia, revision THA, and other (tumors, inflammatory disease, or metabolic diagnosis). Two surgeons performed the highest volume of the THAs, with one performing 1047 (53.5%) and the second performing 591 (30%). The number of THAs contributed by the remaining five surgeons were 97 (5%), 95 (5%), 47 (2%), 42 (2%), and 33 (1.5%). Surgeons were divided into a high-volume group (two surgeons with 1638 THAs, (84%) and a low-volume group (the remaining five surgeons with 314 THAs, 16%). Surgeons in the low-volume group were all experienced, fellowship-trained surgeons, some of which had been high volume surgeons earlier in their career.
Patient and surgical factors were correlated to acceptable abduction and version angles independently and to malpositioning of the cup based on either an abduction or version angle outside of the acceptable range. A univariate cross-tabulation was used to identify factors that could correlate to malpositioning. Patient and surgeon factors that were independent predictors of unacceptable abduction angles, unacceptable version angles, and malpositioned cups based on both abduction and version angles were determined using a stepwise multivariate logistic regression. An odds ratio for the increased chance of malpositioning was calculated for all factors identified from the multivariate analyses. These ratios indicate the increased risk of malpositioning based on different subcategories within prediction factors. To calculate odds ratios, variables were compared to the most accurate subcategory within each factor. Also, using generalized estimating equations with a binomial distribution and a logistic link function, a chart was created giving the percentage chance that an acetabular cup will be placed with an abduction or version angle outside of the optimal ranges given a certain set of risk factors. Correlations were considered significant when the p value was less than 0.05, and all statistical analyses were performed in SPSS (IBM, Chicago, IL).
Results
For the entire data set of 1952 hips, the average abduction and version angles were 42.2°± 6.8°and 12.7°± 7.4°, respectively. Abduction angles ranged from 21.07°to 72.52°and version angles ranged from À16.72°to 43.00°. Ten variables were analyzed for correlation with cup positioning. A breakdown of these variable groups as well as the percentages of each which fell within the window of acceptable ranges for abduction and version is shown (Table 1 ). There were 1213 (62%) acetabular cups that fell within the 30°to 45°optimal abduction range, and 1441 cups (79%) within the 5°to 25°optimal version range. A total of 13 hips (0.7%) had retroverted acetabular cups. There were 917 hips (47% of 1883) that had both inclination and version angles that fell within the set optimal range. The number of hips in each abduction and version angle range showed a nearly normal distribution, with a slight skew toward anteversion in the version data ( Table 2) . A scatter plot of abduction and version angles with a window indicating the boundary of the optimal cup angles shows each hip's position (Fig. 1) . A similar plot for revisions shows that 57% of the cups were optimally positioned (Fig. 2) . Scatter plots for posterolateral (Fig. 3) , anterolateral (Fig. 4) , and MIS approaches (Fig. 5) clearly show the differences in accuracy of the different approaches and the trend toward high abduction and low version angles with the anterolateral and MIS approaches.
Surgical approach and BMI were the only variables that were indicators for malpositioning of abduction, version, and combined abduction and version in the multivariate analyses (Table 3) . Head size and surgeon volume were also variables identified in the multivariate analyses. Independent predictors for malpositioning in abduction only or in abduction and version combined were BMI (categorized as obese versus not obese), surgical approach, and surgeon volume. For version alone, head size replaced surgeon volume as an independent indicator of angles outside the acceptable range. The most accurate subcategories within each independent predictor used to create odds ratios were not obese for BMI, less than 32 mm for head size, high volume for surgeon volume, and posterolateral for approach. The odds ratios are the increased risk of malpositioning in abduction, version, or both based on the category of that prediction factor (Table 4) . Using the three variables of BMI, surgical approach, and surgeon volume from the combined abduction and version analysis, we examined the percent chance of malpositioning for every possible combination of these three variables' subcategories (Table 5 ).
Discussion
Malpositioning of the acetabular cup has been linked to an increased rate of dislocation, liner fracture, and increased wear. The increased dislocation risk has been well established [20, 23, 26, 54] , and implant wear is greater for malpositioned cups with metal-on-polyethylene, metal-onmetal, and ceramic-on-ceramic bearings [11, 14, 25] . Specifically, one study showed surgical technique factors such as abduction angle of the cup were the most predictive of polyethylene wear [14] . This is possibly more important with hard-on-hard bearings due to the increased effects of edge loading in a rigid construct. Metal-on-metal and ceramic-on-ceramic bearings have wear rates 10 to 30 times as high when acetabular cup angles exceeded 55°, measured in vitro on simulators and in vivo by serum ion levels and implant retrieval studies [11, 32] . While the effects of cup positioning on complications are well understood, a comprehensive analysis of patient and surgical factors contributing to poor implant positioning is lacking, with the exception of the study by Bosker et al. [5] , which is limited by its relatively small sample size. We determined percentages of optimally positioned acetabular cups based on various patient and surgical factors, and then determined which of those factors, if any, correlated to the orientation of the acetabular cup in a large group of THA patients.
There are several limitations to our study. First is the use of a computer software program to obtain inclination and version angles without accounting for pelvic tilt, which could influence the calculated angles. Recent studies show CT scans measure acetabular version more accurately than radiographs [15] and the combination of CT scans and radiographic information is the most effective tool to accurately measure cup position [31, 43, 51, 57] . Second, we did not measure the rotational position of the femoral stem in the femoral canal. This is relevant because cups that are outside the limits of the acceptable version ranges may have been purposely placed there to align with the femoral component, especially in revision cases. Third, the study was conducted at a single, high-volume teaching hospital. Since surgery volume has been correlated to cup positioning, our observations could differ at a smaller, lower-volume hospital. Fourth, the optimal ranges we used were based on literature [23, 54] and surgeon input. Many studies cite 50°as the upper limit for optimal cup abduction. The upper limit for this study was set at 45°based on a recent study indicating increased wear in cups with hardon-hard bearings placed with abduction angles greater than 45° [25] . Also, to combine readings of cup abduction from mDesk TM and HAS, a correlation between a test set of readings was performed. The average difference of 1.66°is a clinically acceptable variation, and a Pearson R of 0.99 showed both programs can be used interchangeably to determine angles. This justified the inclusion of the 39 hips that could only be read using mDesk TM . Finally, we did not examine the long-term clinical implications of our observations.
Average abduction and version angles of 42.2°and 12.7°were similar to those reported in the literature which range from 37.5°to 49.7°for abduction and 10.7°to 27.3°f or version (Table 6) [5, 24, 36, 44, 45, 48, 53] . The literature inconsistently reports acceptable angle ranges for optimally positioned cups, and the percentage of acceptably placed cups in both abduction and version using the most widely used acceptable range (the Lewinnek range [26] ) varies from 70.5% [5] to 25.7% [48] . We found that 47% of cups were properly positioned in both, which is slightly lower than the best accuracy presented in the literature, however, we used a slightly tighter abduction range criteria (30-45°) compared to the Lewinnek range (30-50°). We found a similar percentage of acetabular cups within the ranges for abduction (62%) and version (79%) alone compared to the most accurate study in the literature with 85% and 83% optimally positioned in abduction and version respectively [5] .
Surgical approach was the only factor indicating cup malpositioning in every analysis. This is in direct contrast to two previously published studies [5, 36] which show no link between surgical approach and cup positioning. In this study, the posterolateral approach was the most used and was 20% more accurate than all other approaches. It is possible some confounding factors contributed to this finding in the univariate analyses because the posterolateral approach was used predominantly by the highest-volume surgeon. However, the second high-volume surgeon did not use the posterolateral approach, and our findings that surgical approach was an independent predictor in the multivariate model indicated that even among high volume surgeons, surgical approach still affects cup malpositioning. The binary logistic regression used in the multivariate approach accounts for other variables, including surgeon volume. The less invasive MIS approach was the least accurate, with anterolateral and posterolateral approaches having similar accuracies. The inaccuracies of the MIS approach could be caused by a more constrained working space and decreased direct vision associated with MIS, making the accurate assessment of anatomy and placement of the acetabular cup more difficult compared to other approaches. The volume of surgeries performed was another indicator of malpositioning in abduction and abduction or version combined. Three previous studies examined the effect of surgical volume and experience on cup positioning, two of which reported no affect of surgical experience [24, 45] while one found a substantial difference between surgeons compared to their residents [5] . Two of these studies were limited by a small sample size [5, 36] , and the third examined only surgeon qualifications, implanted model, and side [24] . For surgeon volume in our study, the high-volume surgeons who performed an average of 164 THAs per year were 16% more accurate than the low-volume surgeons who performed an average of 13 THA's per year. This indicates that a lower-volume surgeon would benefit the most from additional training or the use of some form of navigational assistance. Previous studies have established a link between surgeon volume and infection, dislocation, revision, or complications [30, 49, 52] ; therefore, the link between proper cup positioning and surgeon volume is not unexpected. Also, while we found an independent link between surgeon volume and cup positioning in abduction and version combined, the surgeon experience could prove even more important if these experienced surgeons were performing more difficult procedures on more complex patients. Surgeon volume was not an independent indicator of attaining an acceptable version angle. This suggests a lower-volume surgeon's greater risk of cup malpositioning is due to a lack of accuracy in cup abduction, not cup version. This discrepancy could be due to the use of the lateral patient position for all surgeries except for those using the two-incision MIS approach, resulting in a higher variation in pelvic tilt and lower variation in pelvic flexion. A previously mentioned study of acetabular cup placement by orthopaedic surgeons and residents found a difference between intended and actual angles for abduction but not for version [5] . This supports our finding that performing a greater volume of surgeries can increase accuracy of cup placement in abduction but not necessarily in version. BMI was another indicator for increased risk of cup malpositioning. More specifically, obesity had a greater risk of malpositioning than the other BMI categories of underweight to overweight. This contradicts three previous studies indicating no relationship between cup position and BMI, but those studies were also limited by their small sample size [5, 44, 53] . A possible explanation for the decreased accuracy found in positioning cups in obese patients is the relatively smaller field for a given incision size due to the increased amount of adipose tissue. The excess tissue can also make it more difficult to locate anatomic landmarks. The link between obesity and malpositioning of the acetabular cup established in this study could explain some of the increased incidence of post-THA prosthesis dislocation found in obese populations in other studies [27, 46] . In addition to surgeon volume, surgical approach, and BMI, which were indicators in multiple analyses, femoral head size was an independent indicator of cup malpositioning for version alone. Head size was also a predictor of implant malpositioning in abduction and version when other variables were not taken into account. There are currently no studies comparing head size or cup outer diameter to positioning of the cup. Cups paired with femoral head sizes smaller than 32 mm were more accurately placed, with 9% greater accuracy than 32-mm heads and 22% greater accuracy than large heads. Since most surgeons are aware a larger head size allows for greater ROM and a decreased risk of impingement and dislocation, extra attention to acetabular cup positioning could be lacking when larger head sizes are used. Because of this, surgeons should be particularly aware of this tendency. As a result of this study, we are currently reporting cup positioning back to surgeons on a regular basis. This monthly analysis of each surgeon's cup abduction and version angles has the potential to increase cup position accuracy, allowing them to continuously correct for tendencies to over-or under rotate their cups. Regular feedback is facilitated by the presence of a registry and the ability to consistently evaluate cup positioning using a database of radiographs and associated patient factors. With the ultimate goal of increasing the accuracy of acetabular cup position to reduce the risk of complications, we identified the main factors contributing to malpositioning of the cup, namely volume of surgeries performed, surgical approach, and obesity. Related to surgical approach, special consideration should be taken when positioning and fixing the patient on the operating table. Navigational assistance increases the accuracy of acetabular cup positioning regardless of surgical experience or approach [8, 19, 37, 40, 55] . The use of navigation could have a positive impact on patients, especially for surgeons who perform fewer THAs per year or use a MIS approach, indicating a need for less expensive, more accessible navigation options. Our data suggest special care should be taken when positioning cups in obese patients, especially when the surgery is being performed by a low-volume surgeon using the MIS approach. Further analyses on patient and surgical factors' influence on cup position at a lower volume medical center would provide a valuable comparison.
